Introduction
============

Neonatal hypoxic-ischemic (HI) encephalopathy affects 2--6 out of 1,000 term births in the developed world, associating with high mortality and lifelong chronic disabilities ([@b1-mmr-17-01-1710],[@b2-mmr-17-01-1710]). HI insult of human neonatal is a vital cause of perinatal brain injury, which may cause cerebral palsy, seizures, learning limitations and epilepsy ([@b3-mmr-17-01-1710],[@b4-mmr-17-01-1710]). Animal studies have demonstrated that the mechanisms leading to injury in the neonatal brain are distinct from those involved in adult brain injury ([@b5-mmr-17-01-1710]). Apoptosis appears to be prominent in neonatal HI, as this cascade is easily engaged following brain insults during this developmental stage ([@b6-mmr-17-01-1710],[@b7-mmr-17-01-1710]). Thus, targeting apoptosis may be a useful strategy for HI-induced brain injury.

Transforming growth factor (TGF)-β-activated kinase 1 (TAK1) belongs to the mitogen-activated protein kinases (MAPK) kinase kinase (MAP3K) family ([@b8-mmr-17-01-1710]), and was first found to be activated by TGF-β and bone morphologic proteins ([@b9-mmr-17-01-1710]). TAK1 is essential to activating the IκB kinase (IKK)/nuclear factor (NF)-κB signaling pathways and the stress kinase \[c-Jun N-terminal kinases (JNK) and p38 MAPK\] signaling pathways in response to various stressors ([@b10-mmr-17-01-1710]). Previous studies have demonstrated that TAK1 is a central regulator of cell death and is activated via a diverse set of intra- and extracellular stimuli ([@b8-mmr-17-01-1710],[@b11-mmr-17-01-1710],[@b12-mmr-17-01-1710]). The TAK1-JNK signaling pathway has been demonstrated to be crucial in cell apoptosis; For instance, this pathway is involved in activated T-cell apoptosis in a model of lung and thyroid cancers ([@b11-mmr-17-01-1710],[@b13-mmr-17-01-1710]--[@b15-mmr-17-01-1710]). Thus, TAK1-JNK signaling pathways have been a widely used therapeutic target in cancer and other types of disease ([@b16-mmr-17-01-1710]--[@b19-mmr-17-01-1710]).

However, the role of TAK1 in the neonatal brain following HI is still unclear. Thus, the expression level and distribution of phosphorylated (p)-TAK1 was investigated, at various time-points following insult, by western blotting and double immunofluorescence. The results demonstrated the presence of p-TAK1, and that it localized with neurons and astrocytes. Further study demonstrated that injection of NG25 prior to insult significantly inhibited TAK1/JNK activity and markedly ameliorated acute hypoxic-ischemic cerebral injury by inhibiting cell apoptosis.

Materials and methods
=====================

### HI rat model and treatment

The 7-day-ol d rat pups (20 pups, 4 pups in each group, about 20 g) were purchased from the Animal Center of Sichuan University (Chengdu, China) and on a 12-h night/12-h day cycle at a room temperature of 22±2°C with free access to food and water. Each group of four pups were kept in one feeding box. Then, the pups were used for establishing the HI model. Briefly, the pups were anesthetized with diethylether (0.1 mg/kg) and the body was maintained at 37°C using a homoisothermy bench. A skin incision (0.5 cm) was made in the midline of the neck and the right common carotid artery (CCA) was permanently ligatured using 5--0 silk. Following ligation of the CCA, the pups were returned to the dam for 0.5 h to recover from anesthesia. The pups were placed in a chamber at a constant 37°C for hypoxia (8% O~2~, 92% N~2~) for 6, 12, 24 and 48 h. The sham group underwent a neck dissection and the 5--0 silk was placed around the CCA, but was not ligated. All animal procedures were approved by Sichuan University Committee (Chengdu, China) on Animal Use and Care, and all efforts were made to minimize animal suffering and the number of animals sacrificed.

NG25 (MedChem Express, Monmouth Junction, NJ, USA), a highly specific TAK1 inhibitor, was dissolved in Sigma-Aldrich dimethyl sulfoxide (DMSO; Merck KGaA, Darmstadt, Germany) and injected into the right cerebral hemisphere 30 min prior to HI using a 30-gauge needle with a 5-µl Hamilton syringe (infusion rate, 1 µl/min).

### Immunofluorescence

At different designated time-points, the brains were perfused and fixed in 4% paraformaldehyde for 48 h. Then the brains were embedded in paraffin and sectioned (thickness, 4 mm). The sections were probed with p-TAK1 primary antibody (cat no. 9339, 1:200; Cell Signaling Technology, Inc., Danvers, MA, USA) and mouse monoclonal antibodies against NeuN (cat no. MAB377, 1:150) or glial fibrillary acidic protein (GFAP; cat no. MAB360, 1:80) (both from EMD Millipore, Billerica, MA, USA) and followed by incubation (37°C) with a 1:120 dilution of a secondary antibody; either fluorescein isothiocyanate- or tetramethylrhodamine-conjugated anti-rabbit (cat no. sc-2012) or anti-mouse (cat no. sc-2010) IgG (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI). Five sections per rat were imaged by a fluorescence microscope (DTX500; Nikon Corporation, Tokyo, Japan) and analyzed.

### Western blot analysis

Cell extracts were prepared using a RIPA lysis buffer (Beyotime Institute of Biotechnology, Haimen, China). At different time-points after HI treatment, the cortex and hippocampus from the right hemisphere were collected and dissected (n=3 per group). The cortex extracts were prepared in the RIPA lysis buffer containing a protease inhibitor cocktail (Merck KGaA). Protein concentrations were determined using a BCA protein assay kit (Beyotime Institute of Biotechnology) with bovine serum albumin serving as the standard. Protein samples (20 µg per lane) were resolved on 10% SDS-PAGE and transferred (100V, 50 min) to polyvinylidene fluoride membranes (EMD Millipore). The membranes were blocked in 5% nonfat milk in tris-buffered saline containing 0.05% Tween-20 for 1 h at room temperature and immunoblotted with various antibodies as follows: p-TAK1 (cat no. 9339, 1:1,000); rabbit anti-TAK1 monoclonal antibody (cat no. 5206, 1:800); rabbit anti-p-JNK (Thr183/Tyr185) polyclonal antibody (cat no. 9255, 1:1,000); rabbit anti-p-c-Jun polyclonal antibody (cat no. 3270, 1:800) (all from Cell Signaling Technology, Inc.); rabbit anti-p53 polyclonal antibody (cat no. ab26, 1:200; Abcam, Cambridge, MA, USA); and rabbit anti-caspase-3 polyclonal antibody (cat no. C9598, 1:100; Sigma-Aldrich; Merck KGaA) overnight at 4°C. A rabbit anti-GAPDH polyclonal antibody (cat no. G9545, 1:2,000; Sigma-Aldrich; Merck KGaA) served as an internal loading control. The bound antibodies were visualized with horseradish peroxidase-conjugated antibodies against rabbit or mouse IgG using the electrochemiluminescence (ECL) or ECL advance western blotting detection kit (Merck KGaA). Image-Pro Plus (version 6.0; Media Cybernetics, Inc., Rockville, MD, USA) was used to quantify the densities of the protein signals on X-ray films following scanning.

### TUNEL assay

To detect apoptotic cells in tumor tissue samples, TUNEL assay using a DeadEnd^™^ Fluorometric TUNEL system (Promega Corporation, Madison, WI, USA) was performed according to the manufacturer\'s protocol. Cell nuclei with dark green fluorescent staining were defined as apoptotic cells. To quantify TUNEL-positive cells, the number of green fluorescence-positive cells was imaged by a fluorescence microscope (DTX500; Nikon Corporation, Tokyo, Japan) and counted in five random fields. Cell nuclei were counterstained with DAPI.

### Statistical analysis

Statistical analysis was performed using SPSS version 19.0 (SPSS, Inc., Chicago, IL, USA). Numerical continuous data are presented as the mean ± standard deviation and analyzed using one-way analysis of variance. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Induction of TAK1 phosphorylation in the brain cortex of rats with HI

To determine the expression of p-TAK1 in the brain cortex of rats with HI, the hemispheres of rats were collected at different time-point post HI treatment and used for western blotting. As presented in [Fig. 1A and B](#f1-mmr-17-01-1710){ref-type="fig"}, a significant increase of p-TAK1 expression was observed in the brain cortex 6 h after insult, followed by a 2-6-fold increase in p-TAK1 protein expression in the brain of the HI model compared with that of the sham group at 6, 12, 24 and 48 h. Subsequently, double immunofluorescence was employed to detect the expression and distribution of p-TAK1 in the rat cortex of sham control and experimental group rats (24 h after HI). Furthermore, the neuronal-specific marker, NeuN and the astrocyte-specific marker, GFAP were used to indicate the neurons and astrocytes. As demonstrated in [Fig. 1C](#f1-mmr-17-01-1710){ref-type="fig"}, compared with the sham group, an increased expression level of p-TAK1 was observed, which was localized with astrocytes at 24 h after insult. NeuN and p-TAK1 double immunofluorescence indicate that a greater expression level of p-TAK1 was observed and localized with neurons at 24 h after insult, compared with the sham group ([Fig. 1D](#f1-mmr-17-01-1710){ref-type="fig"}). Thus, induction of p-TAK1 was observed in the brain cortex of rats with HI, and p-TAK1 was expressed by astrocytes and neurons.

### Induction of TAK1 downstream target expression in the brain cortex of HI model rats

JNK is the direct target of TAK1, thus western blotting was employed to determine the expression level of p-JNK at different time-points in the rat cortex following HI. The current results indicate that HI treatment induced p-JNK expression from 6--48 h after insult, compared with the sham control rats ([Fig. 2A and B](#f2-mmr-17-01-1710){ref-type="fig"}), whereas there were no significant effects on total JNK expression (data not shown). Furthermore, the JNK-associated downstream targets, p-c-Jun, p53 and caspase-3 expression levels were determined by western blotting. The results demonstrate that p-c-Jun, p53 and caspase-3 expression levels were significantly increased from 6--48 h after insult, compared with the sham control rats ([Fig. 2C and D](#f2-mmr-17-01-1710){ref-type="fig"}).

### NG25 inhibits p-JNK and downstream target expression levels in the brain cortex of HI model rats

To further determine the potential neuroprotective role of TAK1 silencing on HI-induced brain injury, NG25, an inhibitor of p-TAK1, was injected into the rat brains prior to HI treatment. The results demonstrated that NG25 markedly inhibited p-TAK1 expression in the brain cortex, compared with the HI and DMSO groups ([Fig. 3A and B](#f3-mmr-17-01-1710){ref-type="fig"}). Further immunofluorescence staining indicated that p-TAK1 expression was inhibited by NG25 in the brain cortex ([Fig. 3C](#f3-mmr-17-01-1710){ref-type="fig"}). Western blotting indicated that p-JNK, p-c-Jun, p53 and caspase-3 expression levels were significantly decreased by NG25 in the brain cortex, compared with the HI and DMSO group ([Fig. 3D and E](#f3-mmr-17-01-1710){ref-type="fig"}). Thus, the inhibitory role of NG25 on p-TAK1 and associated downstream target expression levels was demonstrated.

### NG25 ameliorates neuronal apoptosis in the brain cortex

Apoptosis is the major cause of brain injury subsequent to HI. The TAK1-JNK signaling pathway is a well-known inductor of apoptosis and has been widely researched in tumors ([@b13-mmr-17-01-1710]--[@b15-mmr-17-01-1710]). Thus, in the current study, TUNEL staining was employed to detect the apoptotic cells in the brain cortex. As shown in [Fig. 4A](#f4-mmr-17-01-1710){ref-type="fig"}, an increased number of apoptotic cells were observed in the HI and DMSO-treated rats, when compared with the sham control rats ([Fig. 4B](#f4-mmr-17-01-1710){ref-type="fig"}). Notably, less apoptosis was observed in the NG25 injection group when compared with the HI and DMSO-treated group ([Fig. 4](#f4-mmr-17-01-1710){ref-type="fig"}). Thus, our results indicated that knockdown of TAK1 by NG25 markedly inhibited apoptosis in the brain cortex.

Discussion
==========

The aim of the present study was to determine whether, and how, TAK1 affects HI-induced brain injury in neonatal rats. Thus, a HI model was established in 7-day-old rats, and the expression and distribution of p-TAK1 was investigated at different time-points following insult. p-TAK1 expression in the developing brain was observed to be induced following HI, indicating that it is involved in the development of HI-induced brain injury. Furthermore, the inhibition of p-TAK1 expression with the specific inhibitor, NG25 significantly alleviated the HI-induced brain injury and apoptosis by preventing TAK1-JNK signaling pathway activity. The results indicate that TAK1 is a potential therapeutic target for neonatal HI-induced brain injury.

Various studies have indicated that apoptosis is crucial during the development of HI-induced brain injury ([@b20-mmr-17-01-1710]). An experimental study in neonatal models has demonstrated that the extent of apoptosis-inducing factor translocation to the nucleus correlates with the morphological distribution of neuronal injury following hypoxia-ischemia ([@b21-mmr-17-01-1710]). In addition, gene deletion of poly(ADP-ribose) polymerase-1 and cyclophilin A significantly decreases apoptosis-inducing factor translocation to the nucleus, which is accompanied by the reduction of brain injury ([@b22-mmr-17-01-1710],[@b23-mmr-17-01-1710]). Thus, apoptosis deficiency confers considerable protection for neonatal HI-induced brain injury ([@b24-mmr-17-01-1710],[@b25-mmr-17-01-1710]). In the present study, the inhibitory role of NG25 on brain apoptosis in neonatal HI was demonstrated and the protective role of NG25 on HI-induced brain injury in neonatal rats was further indicated.

The role of TAK1 inhibition on preventing neuronal death following ischemia has been demonstrated in previous studies ([@b26-mmr-17-01-1710]--[@b28-mmr-17-01-1710]). However, only the role of TAK1 inhibition on adult mice and rats was investigated ([@b26-mmr-17-01-1710]--[@b28-mmr-17-01-1710]). Notably, neonatal HI encephalopathy affects 2--6 out of 1,000 term births in the developed world, which is associated with high mortality and lifelong chronic disabilities ([@b1-mmr-17-01-1710],[@b2-mmr-17-01-1710]). Thus, further work is required to develop novel strategies for neonatal HI therapy. In the current study, the expression and function of TAK1 in neonatal HI rats was the focus, and 7-day-old pups were used to establish the HI model and undergo treatment. The study demonstrated that inhibition of TAK1 efficiency ameliorated neuronal apoptosis in the neonatal HI rats.

JNKs are important stress responsive kinases that are activated by various forms of insults, including oxidative stress and ischemia. JNK activation precedes cell death by apoptosis and inflammation in many cell types ([@b29-mmr-17-01-1710]). It has been shown that JNK hyperactivation in neurons, microglia and vascular endothelial cells is important in overweight-aggravated HI injury in the neonatal brain ([@b30-mmr-17-01-1710]). A previous study demonstrated that the JNK/forkhead box O3/Bim signaling pathway is involved in neuronal apoptosis in the developing rat brain following HI and that agents targeting JNK may potentially protect neurons from HI-induced damage ([@b31-mmr-17-01-1710]). In another study, the JNK/activator protein 1 signaling pathway participated in neuronal apoptosis in the neonatal rat brain following HI, and inhibition of JNK with D-JNKi or TAT-JBD efficiently protects the neonatal brain against ischemic brain damage and subsequent cognitive and motor impairment ([@b32-mmr-17-01-1710],[@b33-mmr-17-01-1710]). Thus, JNK is a widely used therapeutic target for neonatal HI-induced brain injury. In the present study, JNK hyperactivation was observed in the neurons following HI, which is consistent with previous studies ([@b30-mmr-17-01-1710]--[@b33-mmr-17-01-1710]). As predicted, knockdown of p-TAK1 with NG25 significantly inhibited p-JNK expression levels and the associated downstream target expression. NG25, widely used in recent studies ([@b34-mmr-17-01-1710],[@b35-mmr-17-01-1710]), was injected with a lower dose into rats in the current study, as compared with the 5Z-7-oxozeaenol that was used in the previous study ([@b28-mmr-17-01-1710]); a lower dose of molecular compound causes fewer side effects. The current study indicates that NG25 serves the neuroprotective role in the developing brain following insult by inhibiting the activity of JNK and the associated brain apoptosis.

In conclusion, the present results indicate that TAK1 is involved in the development of neonatal HI-induced brain injury. To the best of our knowledge, the present study is the first to demonstrate that knockdown of p-TAK1, via intracerebroventricular injection of NG25 (a specific inhibitor of TAK1), prior to insult significantly attenuates acute HI cerebral injury by inhibiting JNK signaling pathway activity and the associated brain apoptosis. Thus, TAK1 is proposed as a potential therapeutic target for the treatment of neonatal HI-induced brain injury. Further study are needed to determine the long term validity and the potential toxicity of NG25.
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![Expression level and distribution of TAK1 in the brain cortex of the rat HI model was determined by western blotting and immunofluorescence. At 6, 12, 24 and 48 h after brain insult, the brain cortex of rats was perfused and sampled for western blotting and immunofluorescence analysis. Rats without brain insult served as the sham controls. (A and B) Western blot detection of p-TAK1 and TAK1 protein expression levels in the sham group, and the HI model rats at 6, 12, 24 and 48 h after brain insult (n=3). GAPDH served as the loading control. (C) Double immunofluorescence GFAP (red) + p-TAK1 (green) were used in paraffin-embedded sections sampled from the sham control rats, as well as from the HI rats at 24 h after HI (each group, n=4). DAPI staining demonstrated the cell nucleus. Scale bar, 100 µm. (D) Double immunofluorescence NeuN (red) + p-TAK1 (green) were used in paraffin-embedded sections sampled from the sham control rats, as well as from the HI rats at 24 h after HI (each group, n=4). DAPI staining demonstrated the cell nucleus. Scale bar, 100 µm. \*\*P\<0.01 vs. sham. TAK1, transforming growth factor-β-activated kinase 1; HI, hypoxia-ischemia; p, phosphorylated; GFAP, glial fibrillary acidic protein; DAPI, 4′,6-diamidino-2-phenylindole.](MMR-17-01-1710-g00){#f1-mmr-17-01-1710}

![Expression level of JNK and downstream targets in brain cortex of rat HI model. (A and B) Western blotting detection of p-JNK and JNK expression levels in the sham rats, and HI model rats at 6, 12, 24 and 48 h after brain insult. GAPDH served as a loading control (n=4). (C and D) Western blotting detection of p-c-Jun, p53 and caspase-3 expression levels in sham rats, and HI model rats at 6, 12, 24 and 48 h after brain insult. GAPDH served as a loading control (n=4). \*\*P\<0.01 vs. sham. JNK, c-Jun N-terminal kinase; HI, hypoxia-ischemia; p, phosphorylated.](MMR-17-01-1710-g01){#f2-mmr-17-01-1710}

![Expression level of p-TAK1 and downstream targets following NG25 treatment. (A and B) Western blot detection of p-TAK1 and TAK1 expression levels in the sham group, and samples from HI, DMSO-treated and NG25-treated rat brain cortexes (n=4). (C) Immunofluorescence detection of p-TAK1 in the sham group, and samples from HI, DMSO-treated and NG25-treated rat brain cortexes (n=3). DAPI staining demonstrated the cell nucleus. Scale bar, 50 µm. (D and E) Western blot detection of p-JNK, p-c-Jun, p53 and caspase-3 expression levels in the sham group, and samples from HI, DMSO-treated and NG25-treated rat brain cortexes (n=4). \*\*P\<0.01 vs. sham controls; ^\#\#^P\<0.01 vs. HI group. p, phosphorylated; TAK1, transforming growth factor-β-activated kinase 1; HI, hypoxia-ischemia; DMSO, dimethyl sulfoxide; DAPI, 4′,6-diamidino-2-phenylindole; JNK, c-Jun N-terminal kinase.](MMR-17-01-1710-g02){#f3-mmr-17-01-1710}

![Apoptosis detection by TUNEL assay in the brain cortex. (A) Paraffin-embedded sections from the sham group, and samples from HI, DMSO-treated and NG25-treated rat brain cortexes were used for apoptosis detection by TUNEL assay. DAPI staining demonstrated the cell nucleus. Scale bar, 200 µm. (B) Apoptotic cells in five random fields were counted and used for apoptosis index analysis (n=5). \*\*P\<0.01 vs. sham controls; ^\#\#^P\<0.01 vs. HI group. HI, hypoxia-ischemia; DMSO, dimethyl sulfoxide; DAPI, 4′,6-diamidino-2-phenylindole.](MMR-17-01-1710-g03){#f4-mmr-17-01-1710}
